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Introduction
Spiro-carbon containing compounds are formed in a range of different organisms that include bacteria, yeast, fungi, plants and insects [1] [2] [3] [4] . These secondary metabolites are generated through polyketide, as well as dual shunt pathways [5] . They are structurally diverse and frequently have important biological activity [6] [7] [8] . Here we report for the first time, the generation of a 5-membered steroidal ring-D spiro-lactone, through a novel biocatalytic pathway by the fungus Corynespora cassiicola. This organism is unique amongst fungi, in that it can monohydroxylate androgens and progestogens at the highly hindered 8-position on the steroid nucleus [9] [10] [11] . Mechanistically, the 8-hydroxylation of androgens and progestogens occurs through inverted binding within an endogenous 9-hydroxylase [9] .
In contrast to many steroidal transformations by fungi [12] monohydroxylations observed to date with this organism predominate with axial stereochemistry, the precise position of attack being dependent on the type of steroid nucleus [9] [10] [11] . For example, androgens undergo axial attack both above and below the plane of the steroidal ring system. In contrast, progestogens must have C-17α functionality (alcohol or epoxide) to undergo enzymatic attack at the 8β-position.
In order to further reveal the factors determining steroid metabolism by this organism, we have investigated ring-D steroidal lactones which differ in functional group (alcohol, acetate) stereochemistry at C-3. Previous studies on the metabolic fate of these molecules by the filamentous fungus Aspergillus tamarii [13] demonstrated that these structural architectures can be hydroxylated in all four possible binding orientations within the steroid hydroxylase, with monohydroxylation occurring at both axial and equatorial positions. This flexibility of steroidal lactone/hydroxylase binding orientation is facilitated by increased symmetry imparted by having a six-membered ring-D. Structurally this results in the C-17
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4 carbonyl group being transposed in to a more central position in the plane of the steroid [14] nucleus, as compared to steroids with a C-17 keto architecture.
The metabolism of the steroidal lactones by Corynespora cassiicola has revealed a unique rearrangement reaction (Fig.1 ). This is mechanistically (Fig.2) based on a two-step enzyme catalysed transformation resulting in C-14 steroidal spiro-lactones, the formation of which has highly specific stereochemical requirements.
Materials and methods

Chemicals and Reagents
Steroidal lactones 1-4 were synthesized [14] and analysed as previously described [13, 15] .
They were all found to be in excess 99% purity following elemental analysis, 3α-Acetoxy- 
Microorganism
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Conditions of cultivation and transformation
Spores were transferred aseptically in a containment level 2 biological safety cabinet into 500 ml Erlenmeyer flasks containing 300 ml of sterile media and were incubated for 72 h at 25 o C. The cultures were shaken at 180 rpm on an orbital shaker. Aliquots (5 ml) from the seed flask were transferred aseptically to 5 flasks and grown for a further 72 h as above, at the end of which the fungus is in log phase growth. After this time period, steroid dissolved in dimethylformamide (DMF) was evenly distributed between the flasks (1mg/mL) under sterile conditions and incubated for a further 5 days after which the metabolites were extracted from the broth.
Extraction and separation of metabolites
The fungal mycelium was separated from the broth by filtration under vacuum.
Following completion, the mycelium was rinsed with ethyl acetate (0.5 L) to ensure the entire available steroid was removed. The mycelial broth was then extracted twice with ethyl acetate (1.5 L). The organic extract was dried over anhydrous sodium sulfate and the solvent evaporated in vacuo to give a gum. This gum was adsorbed onto silica and chromatographed on a column of silica; the steroidal metabolites were eluted with increasing concentrations of ethyl acetate in light petroleum ether. The solvent was collected in aliquots (10 ml) and analysed by thin layer chromatography (TLC) to identify the separated metabolite fractions.
The solvent systems used for running the TLC plates were 50:50 light petroleum ether in
ethyl acetate or pure ethyl acetate. A 50:50 sulfuric acid in methanol spray was used to develop the TLC plates.
Analysis and identification of metabolites
Characteristic shift values [16, 17] in the 1 H and 13 C NMR spectra from the starting compounds were used to determine metabolite structure and used in combination with DEPT analysis to identify the nature of the carbon (Tables 1 and 2 ). Spectra were recorded on a B400 Bruker Advance III 400 MHz spectrometer, all samples were analysed in deuteriochloroform using tetramethylsilane as the internal standard. Infra-red spectra were recorded directly on a Nicolet avatar 320 FT-IR fitted with a Smart Golden Gate  .
Time course experiment
Experimental conditions were identical to those in section 2.3 except that steroids (600mg) dissolved in DMF (6 mL) was evenly distributed between 6 flasks (each containing 100 mL media) (1, 2, 3, 4). One flask was harvested after 12 h, then one every 24 h from the initiation of the experiment. These were extracted as in section 2.4. Following 6 h under high vacuum, the product 1 H NMR spectrum was determined in CDCl 3 to confirm the presence and steroidal nature of the extracts. 
Results
Products isolated following transformation
Transformation of 3α-acetoxy-17a-oxa-D-homo-5α-androstan-17-one 1
Starting material 1 (127 mg, 8.5%) was recovered from the chromatography column with 30% ethyl acetate in light petroleum ether, comparison of the 1 H and 13 C NMR spectra to an authentic sample confirmed structural identity [15] . Elution with 55% ethyl acetate in light petroleum ether afforded a product of hydrolysis, 3α-hydroxy-17a-oxa-D-homo-5α-androstan-17-one 2 (107 mg, 7%). Comparison of this structure to the 1 H and 13 C NMR spectra of an authentic sample confirmed structural identity [15] . 3α,13α-dihydroxy-nor-15,16,17-5α-androst-14α-carbolactone 5 (353mg, 24%) was isolated from the chromatography column at a concentration of 60% ethyl acetate in light petroleum ether and was crystalized from ethyl 
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Transformation of 3β-hydroxy-17a-oxa-D-homo-5α-androstan-17-one 4
Starting material 4 (400 mg, 40%) was recovered from the chromatography column with 40% ethyl acetate in light petroleum ether, comparison of the 1 H and 13 C NMR spectra to an authentic sample confirmed structural identity [13, 14] . Elution with 60% ethyl acetate in petroleum ether afforded 3β,9α-dihydroxy-17a-oxa-D-homo-5α-androstan-17-one 8 (76mg, 8%) 7 which was identified by comparison of the spectral data to that of an authentic sample. Transformation of 4 resulted in the isolation of 3β,9α-dihydroxy-17a-oxa-D-homo-5α-androstan-17-one 7. The structure of this compound was confirmed by comparison to that of an authentic sample.
Identification of metabolites
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1 H NMR was used to follow the steroidal transformation [9, 15, 19, 20] and thus enable the determination of the time sequence to the formation of the individual metabolites isolated in this study. 
Discussion
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Formation of the spiro-lactone 5 is the first example of a hydroxylase catalysed transesterification of a steroid in any organism. The carbon skeleton generated is novel and mechanistically insightful (Fig. 2 and Fig. 3 ), especially as spiro-carbons are a rare metabolic phenomenon within xenobiotic pathways [21, 22] . The unique bimodal base catalysed transformation initiates after 48 hours incubation with hydroxylation at C-14 alpha, a position on the steroid nucleus at the trans C/D ring junction (Fig. 2, Intermediates A-D) . Opening of the ring-D lactone in the substrate presumably occurred through the activity of a lactonohydrolase, a transformation previously reported on exogenous steroids by fungi [23] .
Ring opening of the lactone facilitates rearrangement through transesterification ( constitution [23, 24] . It is of note that some species of Corynespora cassiicola do produce macrolactone structures such as octa and deca-lactones [25] [26] [27] , but in contrast to our reported mechanism, these lactones are polyketide derived secondary metabolites.
The mechanistic basis for the biosynthetic formation of austinol, a fungal meroterpenoid from Aspergillus nidulans, which contains spiro-ring formation was recently reported [28] . The mechanism leading to the spiro-carbon in this secondary metabolite had distinct similarities to our observed biosynthetic transformation. The rearrangement initiated through hydroxylation (albeit at a β-proton) followed by ring contraction (7 to 6 membered
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14 ring), but differed in the final step, which required dehydrogenation resulting in double bond formation to the spiro-ring. It is of note that an alternative double bond participated radical rearrangement has been proposed [29] .
In the case of formation of the spiro-ring in 5, one would expect little difference in the thermodynamic stability between the 5-and 6-ring lactones, with the potential for rapid interconversion between them being supported by X-ray crystallography (where C-13 hydroxyl is 2.948 Å from the five membered ring lactone, Fig. 3 ). In spite of this, only the five membered spiro-ring-D structure was observed. The prevalence of this may in part be due to the favoured twist chair conformation of the six membered lactone (Fig. 4a ) and the favourable kinetic preorganization (Fig. 4b ) it affords formation of the five membered lactone. This may, in part, explain the observed cyclisation to the 5-ring lactone 5 in comparison to the 6-membered counterpart [30, 31] .
Hydroxylation at C-14 and subsequent rearrangement of the lactone demonstrated a strict stereospecific requirement for the presence of a 3α-hydroxyl group. In contrast, the 3β-hydroxylactones only underwent monohydroxylation at the C-9α position. This suggests that the 3-hydroxyl group inhibits attack at C-14. This could be due to the equatorial stereochemistry of this functional group physically extending the distance of the steroid 14α-proton away from active site, resulting in the 9α-proton being positionally favoured for attack.
In light of this, it could reasonably be argued that a single enzyme handles the respective 3α-and 3β-hydroxy steroidal lactones, as both structures underwent hydroxylation at carbon-9, but only the alpha alcohols underwent rearrangement. This would be consistent with previous studies that have indicated a high degree of structural flexibility, with both androgens and progestogens being hydroxylated at C-9α by this organism [9] . Only future studies with isolation and structural elucidation of the responsible hydroxylase(s) will provide a definitive answer. 9α-Hydroxylation is a pharmaceutically important transformation [32] which A C C E P T E D M A N U S C R I P T 
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Highlights of study -Novel enzyme driven rearrangement resulting in unique spiro-lactone architecture -Spiro-lactone formation based on rapid two step mechanism -Rearrangement based on C-14 hydroxylation followed by transesterification -Strict stereochemical requirements of C-3 functionality identified for rearrangement
